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Introduction
To target an energy-efficient and environmentally friendly separation process, most polymer membranes are limited by a trade-off between mass transport rates and separation efficiency, and thus extensive industrial-scale applications of membranes have not occurred yet [1, 2] .
Mixed matrix membranes (MMMs) derived from embedding filler materials (e.g. carbon nanotubes, metal-organic frameworks, zeolites, silica, metal oxides and graphitic nanosheets) in polymer matrix is a hybrid system synergistically combining the processing versatility of polymers and the separation characteristics of fillers, showing promising separation performance [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, the commercial use of MMMs for gas separation has been constrained by the cost of fillers as the synthesis of these nanoparticles including nanotubes, metal organic frameworks (MOFs), silica, zeolite or graphene is time-consuming and costly.
Another factor still impeding the practical application of MMMs is the undesired membrane performance and the instability of fillers (e.g. MOFs). Further enhancements of membrane permeability and selectivity are significantly dependent on the dispersion of fillers, the interface between filler and polymer matrix as well as the chemical and physical properties of filler. Uniform dispersion of fillers within the polymer matrix can greatly increase the fractional free volume in MMMs, bringing in permeability increment [22] . However, membrane performance deterioration by filler agglomeration exists in all kinds of MMMs, especially at high loading and when using fillers with small particle size, high aspect ratio and large surface area. The characteristics of the interface between filler and polymer matrix are critical to the selective transport of certain gases as they determine the diffusion pattern of the penetrant molecules in disrupted polymer chains and the filler/polymer interface [23] . In addition, defects and non-selective voids can be formed under circumstances of poor interfacial compatibility, resulting in undesired Knudsen flow [24] [25] [26] . Therefore, to ensure membrane selectivity and membrane structural integrity, it is mandatory to improve the interaction between fillers and polymer matrix.
Different methods have been applied to enhance filler dispersion and to avoid defects in the filler/polymer interface of MMMs. The first option is to alter the surface chemistry of filler particles or polymer by various surface treatments (eg. functionalization or applying surfactant). The introduction of functionality also changes the chemical affinity of penetrants in nanocomposite membranes [27] [28] [29] . The second method is to reduce filler particle size or use layered nanomaterials [8, 30, 31] . For example, Bae et al. reduced the size of ZIF-90 by nonsolvent-induced crystallization method and fabricated MMMs with the as-synthesized submicrometer-sized ZIF-90 and 6FDA-DAM polyimide. An interfacial void-free MMM with high gas separation performance has been achieved [31] . The last but also important strategy is to eliminate the formation of non-selective interfacial voids via in-situ polymerisation [32] [33] [34] . Also, introducing a cross-linkable polymer (e.g. copolyimides) and solidifying it after the cast of MMMs [35, 36] or surface cross-linking the MMMs with a cross-linking agent provides more flexibility to facilitate the filler dispersion and adhesion [37] . One-pot synthesis can also be effective in dispersing nano-fillers and restraining agglomeration [38] . However, it is still a challenge to quantify the filler dispersion and to determine the void volume between the filler and polymer interface for evaluating effectiveness of any modification.
In this article, we aim to increase the topological roughness (physical heterogeneity) of filler, in order to provide sufficient interaction at the filler/polymer interface without the addition of foreign molecules to the polymer dope. To evaluate the effectiveness of various filler modification routes in the same filler-polymer system, the frequently-used amine functionalization was also carried for comparison. Moreover, rather than using expensive synthetic fillers (e.g. carbon nanotubes, MOFs, graphene and mesoporous silica), the naturally abundant and low cost halloysite nanotubes (HNTs) were selected as the filler for MMMs fabrication. The HNTs were modified through various surface modifications and used to synthesise 6FDA-durene polyimide based MMMs by the same membrane fabrication process. The filler dispersion and filler/polymer adhesion were then quantitatively investigated. Through various surface modifications, the dispersion and adhesion of treated HNTs have been enhanced, thereby improving both membrane permeability and selectivity over MMMs prepared with untreated HNTs and pristine polyimide membrane. Figure 1 illustrates the two procedures used to modify HNTs surface: 1) alkali etching in molten salts to achieve roughened and defective HNTs surfaces (named as Etched-HNTs); 2) (3-Aminopropyl) triethoxysilane (APTES) grafting onto HNTs to introduce surface amine groups (-NH 2 ) (named as Grafted-HNTs). Pristine HNTs without any pretreatment was denoted as "Raw-HNTs". The detailed information on the materials used and the modification procedures are listed below. 
Experimental

HNT surface modification
Membrane fabrication
The synthesis of 6FDA-durene polyimide was carried out by chemical imidization, the same as in our previous work [40] . Durene sample (1.426 g) was dissolved into 10 mL of DMF.
Once the durene was fully dissolved, 3.861 g of 6FDA powder was added, followed by 5 mL of DMAc. The mixture was stirred under N 2 at room temperature for 24 h to form polyamic acid. Next, a mixture of triethylamine (3.2 mL) and acetic anhydride (1.2 mL) was added. 6 The combined mixture was stirred under nitrogen at room temperature for another 24 h. The final polymer was precipitated in methanol, washed several times with methanol, and dried at 180 °C under vacuum for 18 h. The polyimide product is referred here as 6FDA-durene.
For pure 6FDA-durene membrane fabrication, 0.45 g of 6FDA-durene was dissolved in 3 mL respectively. The membrane thickness of pure 6FDA-durene and MMMs was measured using a micrometer which fell in the range of 20~40 µm. The membranes were stored in a desiccator.
Material characterization
The X-ray diffraction (XRD) data were obtained from a Brucker Advanced X-ray Focused ion beam-scanning electron microscopy (FIB-SEM) was performed in a FEI SCIOS FIB/SEM dual beam system to evaluate the distribution of filler in the polymer matrix and the filler/polymer contact. Before milling, the samples were sputtered with a protective layer of Pt (1µm in thickness) using ion beam assisted deposition. Considering image drifting cannot be avoided during image acquisition, the reference marks were created by focused ion beam (FIB) on membrane surface to facilitate precise image alignment. The Ga+ FIB at 30 kV and 1 nA was used to create serial milling of slices. 30nm thin slices were removed from the sample up to a depth of 9 µm and the exposed SEM images of cross-sections were recorded sequentially with an in-lens backscattered electron detector operated at 2 kV. The sizes and spatial resolutions of three membranes are summarized in Table S2 . Avizo (FEI Visualization Sciences Group) was used to reconstruct FIB-SEM tomograms, segment different phases (polymer matrix, filler and voids) and quantify the volume fraction and distribution parameters.
[8]
Gas permeation test
A variable feed pressure and constant volume permeation system was used to measure the gas permeation of pure 6FDA-durene and HNT based MMMs, as described previously. [28] The membranes were held under vacuum for approximately 5 min to reach a steady state before exposing to the selected gas. Before switching to another feed gas, the membrane has to be degassed for some time to assure the complete desorption of initial permeate gas. 
where P is the permeation coefficient in Barrer (1 Barrer =1×10 -10 cm 3 (STP) cm cm -2 s -1 cmHg -1 ), A is the effective area of the membrane (cm 2 ), T is the absolute temperature (K), V is the dead-volume of the downstream chamber (cm 3 ), L is the membrane thickness (cm), P 0 is the feed pressure (psi), and dp/dt is the steady rate of pressure increase in the downstream side (mm Hg s -1 ).
The ideal selectivity for two gases is determined as:
where P A and P B are the permeation coefficients of pure gas A and B, respectively.
Results and discussions
Characterization of HNTs
The XRD patterns of pristine, etched and grafted HNTs show that surface treatments do not affect the phase structure of HNTs ( It is clear that Raw-HNTs exhibit smooth and flat surfaces (Fig. 2a) . After alkali etching, the size of HNTs is unchanged and the tubular morphology has been maintained. On the other hand, Fig. 2b shows that defects are formed on the surfaces of etched-HNTs, resulting in the rougher HNT walls. Fig. 2c presents the morphology of grafted-HNTs, showing hollow tubular structure with smooth surfaces that is very similar to Raw-HNTs. Yuan et al. [41] observed less distinguished internal wall after APTES modification, which was attributed to APTES filling into the HNTs lumen completely. In comparison, the grafted-HNTs in this work present clear inner wall with hollow cavity, which indicates that APTES modification mainly occurred on the outer surfaces of HNTs.
The nitrogen adsorption isotherms are depicted in (Fig. 2b) . Grafted-HNTs show a slight decrease in surface area and a similar pore volume compared to Raw-HNTs. This could be due to the fact that APTES is grafted mainly on HNTs external surfaces, leaving the internal lumen unblocked. Fig. 4 presents the gas adsorption isotherms of the untreated and treated HNTs. Compared to the Raw-HNTs, the CO 2 adsorption has been significantly enhanced by roughening and grafting surface treatment. At 120 kPa and 298 K, CO 2 adsorption capacity of etched-HNTs (6.6 cm3/g (STP)) are much higher than that of raw-HNTs (1.2 cm3/g (STP)), which can be attributed to the significant increase in surface area (as can be observed in Fig. 3 ). The Grafted-HNTs have similar surface area as the raw HNTs, but they also show exceptionally high CO 2 adsorption capacity (6.1 cm3/g (STP) at 120 kPa and 298 K). This may be explained by the introduction of amine groups from the grafting of APTES, which exhibit specific interactions with CO 2 . At low pressure range, the enhancement of CO 2 adsorption by APTES grafting is very significant, and the trend becomes less significant at high pressure, probably due to the saturation of amine groups by CO 2 bonding.
Characterization of mixed matrix membranes
The transport properties of organic-inorganic MMMs are strongly dependent on the morphology of the membranes. In particular, the elimination of interface voids between fillers and polymer matrix is crucial to avoid the unselective gas permeation. Tomographic FIB-SEM technique can provide insights of the spatial distribution of fillers, polymer and void space in MMMs [41] . Figure 6 shows the typical 3D surface-rendered view of the HNTs and void volume in etched-HNTs MMM. The segmentation of the individual phases (e.g. 6FDA-durene, HNTs and voids) was conducted by image thresholding. The 3D
images of raw-HNTs MMM and grafted-HNTs MMM are given in Fig. S5 and Fig. S6 .
Based on the 3D tomographic images (Fig.6, Fig. S5 and Fig. S6 Overall, the surface roughening treatment can be an effective modification method to improve both morphological aspects: filler dispersion and filler/polymer interface. Figure 9 presents the ideal gas permeability and selectivity of pure 6FDA-durene and MMMs with pristine, roughened and APTES functionalised HNTs. For pure 6FDA-durene membrane, the gas permeability of CO 2 , CH 4 HNT/polymer interfacial volume can be created, thereby increasing gas diffusivity via introducing more alternative routes to pass through gas molecules [46] . Similar phenomenon was also found in MMMs incorporated with silica nanoparticles and metal-organic frameworks [9, 12] . In addition, similar to carbon nanotubes, the tubular structure of natural HNTs may provide smooth diffusion channels for fast gas transportation. On the other hand, literature also showed that the polymer rigidifies near the porous filler surface during formation of mixed matrix membranes [47] . As indicated in Fig. 2b , the etching process introduces extra pores and surface roughness, which stiffens the polymer matrix and enhances the HNTs/polymer adhesion. Therefore, the rigidified polymer region could have lower permeability than the bulk polymer but have the potential to enhance gas selectivity.
Gas permeation of mixed matrix membranes
With the same filler loading percentage, the ideal selectivity of the MMMs varies with the surface modification on HNTs. For etched-HNTs MMMs, the carbon dioxide selectivity over methane and nitrogen is 27.8 and 21.5, respectively, higher than carbon dioxide selectivity on pure 6FDA-durene membranes. The improvement of HNT dispersion and HNT/polymer interface (evidenced in Table 1 , Fig. 7 and Fig. 8 ) contributes to the gas/filler interaction and the minimisation of unselective diffusion through interfacial voids. The enhancement of membrane separation can also be attributed to the significant increment of surface area and CO 2 adsorption capacity (Fig. 4) as evidenced by our previous studies [30] . Grafted-HNTs
MMMs demonstrate comparable selectivity to that of the pure polymer membrane. Even though the functional groups can improve filler dispersion and membrane permeability in most of MMMs (Fig. 8 ), in this HNT/6FDA-durene system, the existence of interface void limits further improvement on gas selectivity. Considering the increased permeation by filler introduction, the similar selectivity suggests that the selectivity loss by extra interfacial voids has been compensated by the increased membrane solubility by the amine functional groups on APTES [48] . In contrast, the deterioration of CO 2 selectivity was observed in Raw-HNTs MMMs, which can be attributed to the poor dispersion and adhesion between the Raw-HNTs and polymer. Unselective voids are produced on the interface between Raw-HNTs and the polymer matrix, resulting in an increase in permeability at the expense of decreasing selectivity. Similar observations have been reported previously where the gas selectivity was reduced by incorporating HNTs into polymer matrix [45, 49] . The effectiveness of surface roughing treatment in this study reflects on the superior membrane morphology and separation performance compared to the HNT based MMMs in literature. This is because the surface roughening plays a critical role for the improved CO 2 separation in the MMMs by providing active sorption sites for the target gas. The increase of filler topological roughness and physical heterogeneity is certainly an effective way for filler surface modification so that adding foreign molecules to MMMs is avoided.
Conclusions
Using the low cost HNTs, high-performance MMMs for CO 2 separation are successfully fabricated by incorporating surface modified HNTs into 6FDA-durene polyimide polymer matrix. Surface etching and functional group grafting have been applied to modify the HNTs.
Filler dispersion and filler-matrix affinity was quantified by tomographic FIB-SEM grafting method. The introduction of HNT fillers into the polymeric membrane increases gas permeability, but the change in gas selectivity depends on the type of surface modifications. Table S2 in the supplementary Section. 
